By using the relativistic quantum magnetohydrodynamic model, the extraordinary electromagnetic waves in magnetized quantum plasmas are investigated with the effects of particle dispersion associated with the quantum Bohm potential effects, the electron spin-1/2 effects, and the relativistic degenerate pressure effects. The electrons are treated as a quantum and magnetized species, while the ions are classical ones. The new general dispersion relations are derived and analyzed in some interesting special cases. Quantum effects are shown to affect the dispersion relations of the extraordinary electromagnetic waves. It is also shown that the relativistic degenerate pressure effects significantly modify the dispersive properties of the extraordinary electromagnetic waves. The present investigation should be useful for understanding the collective interactions in dense astrophysical bodies, such as the atmosphere of neutron stars and the interior of massive white dwarfs. During recent years, there has been a great deal of interest in studying the different aspects of quantum plasmas because of their wide range of applications in ultra small electronic devices, singlewalled carbon nanotubes and quantum dots, quantum wells, dense astrophysical environments (such as neutron stars, white dwarfs and pulsars) as well as in intense laser-solid density plasma interaction experiments.
During recent years, there has been a great deal of interest in studying the different aspects of quantum plasmas because of their wide range of applications in ultra small electronic devices, singlewalled carbon nanotubes and quantum dots, quantum wells, dense astrophysical environments (such as neutron stars, white dwarfs and pulsars) as well as in intense laser-solid density plasma interaction experiments. [1−7] Moreover, it has been experimentally found that quantum effects are important in inertial confinement fusion (ICF) plasmas. [8] When the de Broglie wavelength of the charged carriers becomes comparable with the dimensions of the system, quantum effects start playing an important role. In the quantum regime, the plasmas present new characteristics, as discussed by Manfredi. [9] By the way, it should be mentioned that the equilibrium distribution function of the degenerate electrons follows the FermiDirac statistics in dense quantum plasmas, and there are new aspects of collective interactions due to the forces involving electron tunneling through the quantum Bohm potential. [10] The concept of spin magnetohydrodynamics has attracted a great deal of interest since it was introduced by Brodin and Marklund. [11] Since then, quantum effects including the quantum Bohm potential effects and the electron spin-1/2 effects have been studied by many researchers. [12−14] This model is applicable to dense astrophysical plasmas as well as to solid state plasmas, and can also be used to investigate the properties of hydrodynamic waves. Recently, there have been many studies on the relativistic effects on plasma waves, and a good deal of progress has been made relating to the investigation of the relativistic degenerate pressure effects in high density plasma and a high magnetic field. In some plasmas, particle velocities may become comparatively high, and in some cases it may even approach the speed of light in a vacuum. For such plasmas, it becomes important to consider the relativistic effects. In fact, relativistic effects may greatly modify the linear and nonlinear behavior of plasma waves. Relativistic plasmas can be formed in many practical situations, e.g., in space-plasma phenomena, and laser-plasma interaction experiments.
[15] Masood et al. have presented the electromagnetic wave equations for the relativistic degenerate quantum magnetized plasmas, and found that the relativistic effects decrease the speed of the magnetoacoustic waves due to a decrease of the electron degenerate pressure. [16] Magnetohydrodynamic waves with relativistic electrons and positrons in degenerate spin-1/2 astrophysical plasmas have been studied in 2015, [17] the dispersion relations of different modes are discussed analytically in a relativistic degenerate plasmas, and numerical results reveal that the relativistic degenerate effects significantly change the dispersive properties of MHD waves. Liu et al. [18] have studied the relativistic degenerate effects of electrons and positrons on modulational instability of quantum ion acoustic waves in dense plasmas with two polarity ions, and the results indicated that in both the weakly relativistic limit and the ultrarelativistic limit, the modulational instability regions are sensitively dependent on the ratios of temperature and number density of negative ions to those of positive ions respectively, and on the relativistically degenerate effects as well.
Using a classical relativistic model, the properties of waves in a cold magnetized electron gas including the effect of spin dependence have been studied. [19] Oraevsky and Semikoz have examined the spin waves in dense magnetized plasma and found the growth rate of the electromagnetic spin waves in the presence of intense quasi-monoenergetic fluxes of neutrinos. [20] The influence of the electron spin-1/2 effects on the propagation of circularly polarized waves in magnetized plasma has been analyzed by Misra et al., [21] and new eigenmodes are identified. Particularly, in 2007, Shukla has investigated the dispersion relation for elliptically polarized extraordinary electromagnetic waves in dense magnetized quantum plasmas by ignoring the electron magnetization spin current and the relativistic degenerate pressure effects. [22] Li et al. extended this dispersion relation considering the intrinsic spin of electrons on the propagation of elliptically polarized extraordinary electromagnetic waves in the magnetized plasmas. [23] To further carry out these researches, the relativistic degenerate pressure effects on magnetized quantum plasmas are considered, and then some new dispersion relations of the extraordinary electromagnetic waves are derived using the relativistic quantum magnetohydrodynamic model.
As mentioned above, in some plasmas, the plasma number density is of the order 10 36 m −3 or even more, and it is necessary to investigate the relativistic degenerate pressure effects. Therefore, in this study, we explore the dispersion relations for the propagation characteristics of the extraordinary electromagnetic waves associated with the quantum Bohm potential effects, the electron spin-1/2 effects, and the relativistic degenerate pressure effects. The quantum effects due to the quantum tunnelling are described by the Bohm potential, and the electron spin-1/2 effects are characterized by the spin quantum force as well as the spin magnetization current. When the spin-1/2 effects are included, the intrinsic magnetic moment of the plasma constituents gives rise to several new effects, principally due to the magnetic dipole force and spin magnetization current. The relativistic degenerate pressure effects can also produce some new aspects of the extraordinary electromagnetic waves in quantum plasmas.
We suppose that the quantum plasmas are composed of electrons and ions. The ions are assumed to be stationary since its inertia is too large and its quantum effects can also be ignored. Meanwhile, quantum plasmas are assumed to be immersed in an external magnetic field 0 = 0ˆ, whereˆis the unit vector along the -axis in a Cartesian coordinate system, and 0 is the strength of the background magnetic field. The dynamics of the extraordinary electromagnetic waves in relativistic degenerate spin-1/2 quantum plasmas are composed of the following linearized coupled hydrodynamic and Maxwell equations (we use SI units)
where / = / + ( · ∇) is the hydrodynamic derivative, e is the electron mass, e is the electron number density, is the magnitude of the electronic charge, is the electron fluid velocity, and are the electric and magnetic field vectors, respectively, 0 is the magnetic permeability, 0 is the vacuum electric conductivity, = − 0 is the current density due to free electrons, and the electron magnetization spin current density is given by It should be pointed out that as the electron number density increases, the electron Fermi energy is no longer negligible compared with the electron mass energy. Therefore, the speed of an electron becomes comparable with the speed of light in a vacuum, and then the degenerate pressure of the electrons should be replaced by the relativistic degenerate pressure of electrons, which can be written as [16, 17] 
where = e / e is a dimensionless parameter, and e = (3 2 3 e ) 1/3 is the electron momentum on the Fermi surface.
In the following, every quantity (representing , , , , etc.) has the following form
where 0 is the unperturbed value, and 1 (≪ 0 ) is a small perturbation
The first order quantum force Q on an electron with spin-1/2 effects is
where the first term on the right hand side is associated with the quantum Bohm potential gradient and the second is the spin magnetization force due to the electron spin −1/2 effects, respectively. The spin 045201-2 evolution equation for spin quantum plasmas is given by [15, 19] = 2 B ( × ).
The spin-thermal coupling terms in Eq. (11) have been neglected. In MHD, one knows that the scale lengths are typically longer than the Larmor radius of the electrons, thus the terms that are quadratic in can be ignored in the spin evolution Eq. (11) . To the lowest order, the spin inertia can be neglected for frequencies much below the electron cyclotron frequencies, which gives Eq. (11) as × = 0, and has a solution [24, 25] = − 2
The Langevin parameter ( ) = tanh( ) is due to the magnetization of a spin distribution in thermodynamic equilibrium, where = B 0 / B Fe . Furthermore, one knows that for most magnetized quantum plasmas B 0 ≪ B Fe , and here the approximation ( ) ≈ can be used. [25] Next, Taylor expand Eq. (7) around the equilibrium, and the expression for the relativistic degenerate pressure of electrons can be obtained as follows: 
where 0 = √︀ 1 + 2 0 is the relativistic factor of electrons.
Plasma equilibrium is assumed, 0 = 0 and 0 = 0. The perturbed electric field 1 and the electron fluid velocity 1 are in the --plane. The wave vector is along the -axis. The basic linearized equations can be obtained as
e 0
From Eqs. (17)- (19) , one can derive
Fe
where is the speed of light in a vacuum and therein
Taking into account the and components of electric field 1 , using the Fourier transform, we then yield
and
Also, from Eqs. (16) and (19) we derive
after performing the Fourier transform and taking into account the and components of electron fluid velocity 1 , we have 
By solving Eqs. (22) , (23), (25) and (26) , the general dispersion relation of the extraordinary electromagnetic waves is derived as In the above discussion, the dispersion relation of the extraordinary electromagnetic waves is derived, and next we examine the influence of the quantum Bohm potential effects, the electron spin-1/2 effects and the relativistic degenerate pressure effects on the propagation characteristics of the extraordinary electromagnetic waves. To analyze this complex dispersion relation (Eq. (28)), we firstly ignore the relativistic degenerate pressure effects and after some algebraic manipulations, a new dispersion relation including the quantum Bohm potential effects and the electron spin-1/2 effects is derived as
Compared to Eqs. (28) and (29), it is obvious that the relativistic degenerate pressure effects can significantly modify the dispersion relations. Meanwhile, if we only ignore the electron spin-1/2 effects, from the general dispersion relation (28), we can obtain
It is obvious that one can derive the common classical form of the dispersion relation in Ref. [26] by ignoring all the -dependent terms which stand for the quantum effects and the relativistic degenerate pressure effects,
Compared to Eqs. (28)- (31), it is quite clear that the dispersion relation of the extraordinary electromagnetic waves is considerably modified by the quantum Bohm potential effects, the electron spin-1/2 effects and the relativistic degenerate pressure effects. The quantum Bohm potential effects and the relativistic degenerate pressure effects lead to a dispersion factor
Re
in the second term on the right-hand side of Eq. (30). Next, to show the influence of the quantum effects (including the quantum Bohm potential effects and the electron spin-1/2 effects) and the relativistic degenerate pressure effects on the extraordinary electromagnetic waves, we evaluate Eqs. (28) and (29) by substituting some typical parameters in the dense astrophysical objects [27, 28] (like the outer shells of magnetized white dwarf stars and in the atmosphere of neutron stars), where the plasma density is 0 ≈ 10 36 m −3 and the magnetic field strength 0 ≈ 10 8 T. Figures 1(a)-1(c) display one of the branches of the extraordinary electromagnetic waves, the vertical axis represents the square of the refractive index, and the horizontal axis represents the wave frequency of the extraordinary electromagnetic waves. In Figs. 1(a)-1(c) , the corresponding wave numbers are assumed to be = 4 × 10 10 m −1 , = 6 × 10 10 m −1 and = 8 × 10 10 m −1 , respectively. Equation (28) is depicted by the red line, which stands for the dispersion relation of the extraordinary electromagnetic waves by taking into account the quantum Bohm potential effects, the electron spin-1/2 effects and the relativistic degenerate pressure effects. Equation (29) is portrayed by the black line, which represents the dispersion relation of the extraordinary electromagnetic waves by just considering the quantum Bohm potential effects and the electron spin-1/2 effects. From Figs. 1(a)-1(c), we can clearly see that the propagation characteristics of the extraordinary electromagnetic waves were obviously modified by the relativistic degenerate pressure effects. For a given , with the increase of the wave frequency, the square of the refractive index is also increasing. As shown in Figs. 1(a)-1(c) , the red curve is lower than the black curve, which means that the refractive index becomes smaller when we consider the relativistic degenerate pressure effects. On the other hand, the propagation characteristics of the extraordinary electromagnetic waves are greatly modified with the relativistic degenerate pressure effects in addition to the Bohm potential effects and the electron spin-1/2 effects. Moreover, we find that when the relativistic degenerate pressure effects are considered, the square of the refractive in-045201-4 dex is decreasing with the increase of the wave numbers. From the above dispersion relations, one can see clearly that the square of the refractive index is 2 = 2 2 / 2 . As is known to all, the phase velocity of the extraordinary electromagnetic waves can be expressed as p = / , therefore, with the increase of the wave numbers, the phase velocity increases gradually when the relativistic degenerate pressure effects are considered. Figures 2(a)-2(c) explore the other branches of the extraordinary electromagnetic waves. The vertical axis also represents the square of the refractive index, and the horizontal axis still represents the wave frequency of the extraordinary electromagnetic waves. In fact, we can see from these graphs that these branches of the extraordinary electromagnetic waves cannot propagate because the square of the refractive index is less than zero in a certain range of frequency.
The above results show that the propagation characteristics of the extraordinary electromagnetic waves become different in the relativistic regime from the one where the quantum Bohm potential effects and the electron spin-1/2 effects are only considered.
In summary, we have studied the extraordinary electromagnetic wave propagation in magnetized quantum plasmas with the quantum Bohm potential effects, the electron spin-1/2 effects and the relativistic degenerate pressure effects. Some new dispersion relations of the extraordinary electromagnetic waves are obtained. By substituting some typical parameters, we have evaluated the corresponding dispersion relations and given some explanations. Our results are relevant to the dense astrophysical compact objects and the condensed matter physics, and it will be helpful in understanding the propagation characteristics of the extraordinary electromagnetic waves in magnetized quantum plasmas in which the relativistic degenerate pressure effects may play an important role.
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